We report here the characterization of the Drosophila homolog of the onecut homeobox gene, which encodes a protein product with one cut domain and one homeodomain. We present evidence that D-Onecut can bind to similar DNA sequences with high speci®city and af®nity as other Onecut proteins through the highly conserved cut domain and homeodomain. Interestingly, the cut domain alone can mediate DNAbinding, but the homeodomain cannot. However, depending upon the promoter context, we observed cooperative interactions between the two domains to confer high DNA-binding af®nity and speci®city. D-Onecut appears to be a moderate transcriptional activator and functions as a nuclear protein in neuronal tissues of both the CNS and PNS during development and in the adult. In the eye, D-Onecut expression is independent of glass, a transcriptional regulator of R cell differentiation. Taken together, our results suggest a role for D-Onecut in the regulation of some aspects of neural differentiation or maintenance. In support of this notion, overexpression of a putative dominant negative form of D-Onecut during eye development does not affect early cell fate speci®cation, but severely affects photoreceptor differentiation. q
Introduction
The identi®cation of transcriptional regulators of tissuespeci®c gene expression has provided a means to begin to unravel the complex networks of upstream regulators and signaling pathways, which coordinate speci®c cellular differentiation programs during development. In this regard, homeodomain proteins have been attributed an essential role in implementing critical developmental decisions by regulating the temporal, spatial, and tissue-speci®c expression of downstream target genes required for cellular differentiation (Gehring et al., 1994) . A key feature that allows homeoproteins to ful®ll such diverse functions is that many contain additional DNA-binding motifs, such as those found in the POU, Paired, and LIM classes of homeoproteins (reviewed in Gehring et al., 1994) . This modular mode has proven successful in augmenting functional speci®city and providing¯exibility in the regulation of gene expression.
One particular class of bipartite DNA-binding homeoproteins has emerged as an important gene family, the cuthomeodomain proteins. The cut domain, ®rst discovered in the Drosophila Cut protein (Blochlinger et al., 1988) , consists of about 70 amino acids and functions in a number of homeodomain proteins as an independent DNA-binding motif (Andres et al., 1994; Au®ero et al., 1994; Coqueret et al., 1996; Coqueret et al., 1998b; Harada et al., 1994) . However, the homeodomain of this gene family has properties quite distinct from the classical homeodomain, which may be re¯ected in the sequence divergence within the third DNA-recognition helix Lemaigre et al., 1996) . On its own the homeodomain has little DNAbinding af®nity or speci®city. DNA-binding is mediated mostly by the cut domain, but the sequence speci®city and binding kinetics are greatly in¯uenced by the presence of the homeodomain Catt et al., 1999) .
The cut-homeodomain proteins can be grouped into subfamilies according to the presence of one, two, or three cut repeats. Congruent with their structural diversity, these cut-homeoproteins participate in a variety of functional contexts. For example, the Drosophila Cut protein and its mammalian homologs (CDP/Cux/Clox, and Cux2 proteins) generally function as transcriptional repressors in both proliferating and differentiating cells (Blochlinger et al., 1988; Coqueret et al., 1998a; Dufort and Nepveu, 1994; Lievens et al., 1995; Skalnik et al. 1991 ; van Wijnen et al., 1996) . The Drosophila cut gene is required to specify cell fate in the peripheral nervous system (Blochlinger et al., 1988 (Blochlinger et al., , 1991 Bodmer et al., 1987) . Although the in vivo target genes of the mammalian Cut proteins are unknown targeted deletion of the ®rst cut domain of the CDP/Cux/ Clox protein results in hair defects and pup loss phenotypes in mice (Tufarelli et al., 1998) . The SATB1 protein, which contains two cut repeats, is thought to function at the level of chromatin structure to modulate gene activity (Dickinson et al., 1997) . The mammalian HNF-6 (hepatocyte nuclear factor-6), which de®nes the prototypical Onecut proteins , functions as a key regulator of liver gene expression (Landry et al., 1997; Lemaigre et al., 1996; Samadani and Costa, 1996) . Unlike the Cut proteins, however, the Onecut proteins are transcriptional activators of gene expression (Jacquemin et al., 1999; Landry et al., 1997; Lemaigre et al., 1996; Samadani and Costa, 1996) . These ®ndings suggest that the cut-homeodomain proteins are an important class of transcriptional regulators in development.
In a previous study a cut domain-containing protein was isolated as a potential transcriptional regulator of the Drosophila rhodopsin (rh) genes (Z.C. Lai, M. Fortini, and G.M. Rubin, unpublished data). We report here the isolation of the full-length cDNA clone and its characterization. Sequence analysis reveals an open reading frame that is structurally similar to the Onecut proteins with a striking conservation of the cut domain and the homeodomain. We provide evidence that D-Onecut, for Drosophila Onecut, binds to HNF-6 binding sites equally well with high af®nity and speci®city. Also like other Onecut proteins, D-Onecut can promote transactivation of a reporter gene in tissue culture. Moreover, our expression data indicates that D-Onecut might play a role in neural differentiation and probably in maintenance as well, as D-Onecut is expressed exclusively in the nervous system during development and in the adult. In particular, D-Onecut may function to regulate photoreceptor (R) cell differentiation during late stages of eye development. We show that overexpression of a putative dominant negative form of D-Onecut in the eye speci®cally interferes with R cell differentiation, but not with early cell fate determination.
Results

Isolation of a Drosophila onecut homeodomain gene
Previously, a ®lter DNA-binding screen was carried out to identify transcriptional regulators of rhodopsin (rh) gene expression using a Drosophila adult retina cDNA expression library with de®ned cis-acting regulatory sequences from the rh promoters as probes, namely, RCSI, RUS3B, and RUS4A (Fortini and Rubin, 1990; Fortini et al., 1991) . Four candidate genes were identi®ed, three of which correspond to zfh1, zfh2, and tramtrack69 (Fortini et al., 1991;  data not shown). The fourth encodes a novel gene, which was called A1. The partial A1 cDNA was used as a probe to isolate additional sequences from an embryonic cDNA library. A 4.8 kb full-length cDNA encodes an open reading frame (ORF) consisting of 1081 amino acids (Fig. 1A) . A BLAST homology search of the sequence databases revealed two highly conserved regions in the carboxyl half of the conceptual protein, a single cut domain followed by a homeodomain (Fig. 1A) . These motifs characterize a rapidly expanding group of homeodomain proteins known as the Onecut proteins . The founding member is hepatocyte nuclear factor-6 (HNF-6), which was originally identi®ed among a group of nuclear factors required for liver gene expression (Lemaigre et al., 1996; Samadani and Costa, 1996) . No homolog of HNF-6 has yet been identi®ed in the¯y, thereby, making this protein the only Drosophila Onecut member. Consequently, we named this gene D-onecut.By in situ hybridization to polytene chromosomes with the D-onecut cDNA as a probe, the gene was mapped to the fourth chromosome at polytene band 102C6.
Structurally, D-Onecut is more closely related to the mammalian Onecut proteins than to the Cut proteins ( Fig.  2A ) (Andres et al., 1992; Blochlinger et al., 1988; Neufeld et al., 1992; Quaggin et al., 1996) . The cut domain and homeodomain of D-Onecut share a high degree of amino acid identity with those of the mammalian Onecut proteins, 95 and 83%, respectively ( Fig. 2A,D,E) . Outside of the onecut subfamily, they are only about 28±46% identical to the corresponding domains of the other cut-homeodomain proteins ( Fig. 2A) . On further inspection, the homeodomain of D-Onecut possesses amino acid residues that are conserved only among the Onecut members such as the characteristic residues F48 and M50 in the third DNA recognition helix (Fig. 2E ). Residue 50 has been shown to contact DNA in the major groove and is particularly important in conferring DNA-binding speci®city (Ades and Sauer, 1994; Treisman et al., 1989) . In the majority of homeodomains, residue 48 is always a tryptophan (W). The cut domain of D-Onecut is also remarkably conserved. For example, when compared to mammalian Onecut proteins, only four of the 74 residues differ, and of these four residues three are conservative changes (Fig. 2D) . A third region that is highly conserved between D-Onecut and other Onecut proteins is a serine/threonine/proline-rich sequence of about 28 amino acids called the STP box (Fig. 1A) . Some amino acid residues within this sequence motif are found in all Onecut members including C17H12, the only C. elegansmember that has a STP box (Fig. 2B) . The STP box has been Starting at the N-terminus is the serine/threonine/proline-rich STP box (shaded in black), followed by ®ve D-onecut repeats DOR1-5 (shaded in gray), and the single cut domain and homeodomain (boxed). N-terminal to the homeodomain is a putative bipartite nuclear localization signal (shown in bold letters), and within the cut domain is the conserved LSDLL motif (underlined). (B) Restriction map of the genomic region spanning the D-onecut locus and the 5 H portion of the Drosophila Eph kinase (dek) gene, which is transcribed in an opposite direction from D-onecut. Coding regions are shaded in black. Restriction sites shown are EcoRI (E) and HindIII (H). The D-onecut gene consists of four exons. The cut domain is encoded entirely within the second exon, whereas the homeodomain is split and is encoded by the third and fourth exons. An EcoRI-HindIII fragment (box shaded in gray) contains a putative neural enhancer, as deduced from genomic fragments that are able to drive reporter gene expression in neural tissues (Scully et al., 1999) , and may be responsible for both D-onecut and dek expression in the nervous system. Fig. 2 . Structural organization of the cut-homeodomain proteins and amino acid sequence alignments of conserved domains of the Onecut proteins and those that are speci®c only to D-Onecut. (A) The cut-homeodomain proteins comprise three subfamilies, each is de®ned by the number of cut domains they contain. Percent identities of the cut domains and homeodomains relative to D-Onecut are indicated. (B±E) All sequences are aligned with the DNAStar sequence analysis program using the Clustal algorithm based on a PAM250 residue weight table. Identical residues in the majority of sequences are shaded in black boxes and conservative residues are shaded in gray boxes. Residues that are found in all Onecut members are indicated above the alignments with a dot. (B) The STP box is a 28 aa sequence enriched in Ser/Thr/Pro residues. Except for D-Onecut and C17H12, a stretch of polyhistidine usually follows. (C) Only speci®c to D-Onecut are ®ve 21 aa repeats that have no homology to any known motifs. The DOR repeats are characterized by four highly conserved residues (K,H,D,N) . (D,E) Residues de®ning the cut domain and the homeodomain are numbered 1±74 and 1±60, respectively. Species notations are Drosophila (D), human (h), mouse (m), rat (r), and C. elegans (C). The asterisks underneath the tyrosine (Y) and threonine (T) residues of the C. elegans F17A9 homeodomain sequence indicate variations from the F48 (phenylalanine) and M50 (methionine) residues of a typical Onecut protein.
implicated to play a role in transcriptional activation based on experiments carried out on HNF-6 (Jacquemin et al., 1999; Lannoy et al., 2000) . Finally, a conserved LSDLL motif within the cut domain of the Onecut proteins is present (Fig. 1A) . This motif has been found to play a role in transcriptional stimulation as well and is capable of interacting with coactivators such as the CREB-binding protein (CBP) (Lannoy et al., 2000) .
In addition, D-Onecut contains ®ve unique tandem repeats, which we called DOR (for D-Onecut Repeats); each consists of 21 amino acid residues and the sequence is not found in any of the other Onecut members nor in any proteins present in the sequence database (Fig. 1A ). An alignment of these repeats reveals that some residues are highly conserved, even in DOR2, which appears to be the most divergent of the repeats (Fig. 2C) . Finally, several other features that have been described in a subset of Onecut proteins are not found in D-Onecut such as the polyglycine tract at the amino-terminus or the polyhistidine stretch located immediately downstream of the STP box ( Fig. 2B ) (Jacquemin et al., 1999) . Whether any of these sequences have a functional role will have to await further studies, but clearly they are not evolutionarily conserved and may represent a recent acquisition by the different Onecut members during the divergence of the various phylogenetic lineages.
D-onecut genomic organization
The full-length D-onecut cDNA clone was used to isolate overlapping genomic clones. A restriction map of the 15 kb walk spanning the locus is shown in Fig. 1B . The D-onecut primary transcription unit is encoded by four exons. Interestingly, the cut domain is encoded entirely within the second exon; whereas the homeodomain is split and is encoded by exons 3 and 4, which is the case for some homeodomains, for example, the orthodenticle gene (Vandendries et al., 1996) . Promoter prediction analysis of genomic sequences surrounding the 5 H end of the full-length D-onecut cDNA suggests a highly probable transcription start site 112 nt upstream and a TATA box 5 H to it. Approximately 3.1 kb upstream of the D-onecut gene is a transcription unit encoding the Drosophila Eph receptor tyrosine kinase (Scully et al., 1999) , which is transcribed in an opposite orientation (Fig. 1B) .
D-Onecut and the Onecut proteins share similar DNAbinding properties
We carried out electrophoretic mobility gel shift assay (EMSA) to address the DNA-binding properties of DOnecut. For EMSA, we synthesized and puri®ed the putative DNA-binding domain of D-Onecut as the carboxyl half of the protein (aa 731±1081), which includes the cut domain and homeodomain, fused to GST (GST±CHD). We ®rst tested binding to the RCSI elements from the rh2, rh3, and rh4 genes, whose sequences are similar but not identical (RCSIs from rh1 and rh4are the same, Fig. 3G ) (Fortini et al., 1991) . All three RCSI probes bind strongly to GST-CHD (Fig. 3A±C, lanes 3±5 ). Increasing the amount of unlabeled double-stranded oligonucleotides effectively competed and Fig. 3 . Analysis of D-Onecut DNA-binding speci®city by electrophoretic mobility shift assay.
32 P-labeled ds-oligonucleotide probes, as indicated below each panel, are incubated with a D-Onecut cut-homeodomain fusion protein (GST-CHD) and subjected to EMSA. (A±F) Binding is carried out without protein (lane 1), with GST alone (lane 2), or with GST-CHD (lanes 3±11). Increasing amounts of GST-CHD in each lane (10, 100, 520 ng) are indicated by black triangles; whereas, co-incubations with increasing concentrations of cold probe (0.04, 0.4, 2.1 mM) at a ®xed amount of GST-CHD and labeled probe are indicated by open triangles. (E) Lanes 6, 8, and 10 contain increasing amounts of wild type cold probe and lanes 7, 9, and 11 contain increasing amounts of the corresponding mutant cold probe, which cannot compete for binding. (G) An alignment of the oligonucleotide sequences used in these EMSA studies. The core ATTG motif is boxed. Additional ATTG sequences are shaded in black. The ATTA homeobox recognition motifs are indicated by gray shading. The HNF-6 consensus binding site is from Lannoy et al. (1998) ; Lemaigre et al. (1996) , and Samadani and Costa (1996) . The mutated tetranucleotide sequence at the original ATTG position is underlined in the mutant HNF-3b oligonucleotide. reduced these binding interactions (Fig. 3A±C, lanes 6±8) , demonstrating that D-Onecut speci®cally recognizes these RCSI promoter elements.
There are two lines of evidence to suggest that D-onecut may have similar DNA-binding properties as the other Onecut proteins. First, the amino acid sequences of the cut domain and homeodomain are highly conserved. Secondly, although much more divergent than the mammalian and Drosophila Onecut proteins, both of the C. elegans proteins, Ceh-39 and Ceh-21, have been shown to bind to mammalian target DNA sequences . In light of these ®ndings, we tested the ability of D-Onecut to bind to HNF-6 probes described previously Lemaigre et al., 1996; Rausa et al., 1997; Samadani and Costa, 1996) . The sequences are derived from the promoters of the TTR (transthyretin), HNF-3b, and PFK-2 (6-phosphofructo-2-kinase) genes (Fig. 3G ). As shown in Fig. 3D±F , the GST-CHD fusion protein binds equally well to all three mammalian promoter sequences (lanes 3± 5) and can be competed off with the corresponding unlabeled oligonucleotides (lanes 6±8 for TTR and PFK-2; lanes 6, 8, 10 for HNF-3b). As a further demonstration of the speci®city of this interaction, a mutant HNF-3b probe ( Fig. 3G ) is found to be unable to form any DNA-protein complexes with GST-CHD (data not shown), nor is it able to compete with the wild type probe in the binding reaction (Fig. 3E , lanes 7, 9, 11). Thus, in vitro, the cut-homeobox DNA-binding domain of D-Onecut behaves very similar to other Onecut proteins in recognizing the same set of target binding sites.
This raises an interesting question as to whether there is a common recognition sequence within these cis-acting sequences that confers DNA-binding speci®city to DOnecut and other Onecut proteins. Previous studies on HNF-6 have suggested a consensus sequence from an alignment of all oligonucleotide sequences that bound Lemaigre et al., 1996; Samadani and Costa, 1996) . In updating this alignment we have added the rh cis-acting promoter sequences. As shown in Fig. 3G , an obvious core motif ATTG is shared by both the Drosophila and mammalian sequences used in this study, which is also consistent with previous work Lemaigre et al., 1996; Samadani and Costa, 1996) . Two lines of evidence lend support to this ®nding. First, oligonucleotide sequences that do not bind to D-Onecut do not contain the tetranucleotide sequence, as is the case for the RUS4A promoter element from the rh4 gene (Fig. 3G , data not shown). Secondly, when changes are made to nucleotides within the ATTG motif as in the mutant HNF-3b probe ( Fig.  3G ), DNA-binding activity is completely abolished (i.e. mutant probe cannot compete with wild type probe for binding, Fig. 3E , lanes 7, 9, 11). It is interesting to note that some of the oligonucleotide sequences shown in Fig. 3G also contain multiple ATTG sequences and/or the general homeobox recognition sequence ATTA (Desplan et al., 1988; Hayashi and Scott, 1990; .
2.4. D-Onecut binds to the rh1 proximal enhancer, which is a target of the Glass transcriptional regulator rh gene expression is regulated by multiple cis-acting regulatory elements (Fortini et al., 1991) . Upstream of the Rh1 RCSI sequence lies a proximal enhancer Rh1PE that is bound by Glass, a zinc-®nger transcription factor required for rh1 gene expression in photoreceptor cells (R1-6) (Ellis et al., 1993; Moses and Rubin, 1991) . Within the Rh1PE sequence there is an evolutionarily conserved ATTG tetranucleotide immediately downstream of a sequence protected by Glass binding. We wanted to determine if DOnecut could also bind to this rh1 enhancer element. As shown by EMSA, D-Onecut (GST-CHD) does indeed bind strongly to the Rh1PE sequence, which included a single ATTG repeat (Fig. 4A, lane 3) . This interaction is speci®c as demonstrated by competition experiments with an unlabeled ds-oligonucleotide (data not shown). However, when the ATTG core sequence is mutated (Rh1PE m1) DNA-binding is not completely abolished (Fig. 4A, lane 8) . This is in contrast to the ATTG mutation in the mutant HNF-3b 32 P-labeled probes as indicated below each panel are incubated with either the cut domain (GST-CD) or homeodomain (GST-HD) fusion protein and analyzed by EMSA. (A) Wild type Rh1PE probe and its corresponding mutant oligonucleotides are used in the binding reactions, which include no protein (lanes 1, 6, 11, and 16), GST alone (lanes 2, 7, 12, and 17), GST-CD (lanes 4, 9, 14, and 19), or 10, 15, and 20) . The sequences of these probes are shown where the intact ATTG is shaded in black and the mutated sequences are shaded in gray. (B±D) Lanes 1 contain no protein; lanes 2, GST; lanes 3, GST-CHD; lanes 4, GST-CD; and lanes 5, GST-HD. The asterisks indicate a shifted band that corresponds to binding by degraded GST-fusion proteins that are smaller in size.
probe, which results in a complete loss of binding. This con¯icting result suggests that there may be additional sequences required to potentiate the function of the ATTG in the Rh1PE. To substantiate this idea, we generated a mutant probe in the 5
H¯a nking tetranucleotide (Rh1PE m2) and a double mutant probe encompassing the entire eight base pairs (Rh1PE m3) (Fig. 4A) . Surprisingly, mutations in the 5
H¯a nking region reduce binding to a greater extent than mutations in the ATTG sequence (Fig. 4A , lane 8 versus 13). The double mutation greatly abolishes DNAbinding activity of both GST-CHD and GST-CD (Fig. 4A , lanes 18 and 19, respectively). Thus, the results point to additional¯anking sequences within Rh1PE that are required for D-Onecut binding, and suggest that the sequence context surrounding the ATTG motif render a signi®cant contribution to high DNA-binding af®nity and speci®city.
2.5. The cut domain can have independent DNA-binding activity, but in some cases requires cooperative interaction with the homeodomain for D-Onecut binding
To test if the individual cut domain and homeodomain of D-Onecut could bind to DNA, fusion proteins GST-CD and GST-HD were used for EMSA analysis. Surprisingly, the homeodomain alone is unable to bind to either the Drosophila Rh1PE element (Fig. 4A, lane 5) or to the mammalian TTR, HNF-3b, and PFK-2 binding sites (Fig. 4B±D , lanes 5). In contrast, our data provide evidence that the cut domain alone can indeed bind to some target sequences with high af®nity, such as the Rh1PE element (Fig. 4A , lane 4), and the promoter elements from the TTR and HNF-3b genes (Fig. 4B,C, lanes 4) . However, the cut domain fails to form a complex with a binding site derived from the PFK-2 promoter (Fig. 4D, lane 4) . Interestingly, however, as shown above, the GST-CHD (cut domain and homeodomain together) does bind to this site (Fig. 3F, lanes  3±5 ; Fig. 4D, lane 3) . This suggests that the DNA-binding activity of the cut domain, in this sequence context, is dependent on the presence of the homeodomain. The addition of the individual domains together in the binding reaction does not promote the formation of any ternary DNAprotein complexes (data not shown). Taken together, these results imply the existence of cooperative cis-interaction between the homeodomain and the cut domain to effect DNA-binding.
The role of the homeodomain can be further illustrated by its in¯uence on the behavior of the cut domain interaction with some target sequences. In Fig. 4A , for example, when mutations (m1) are introduced within the ATTG core sequence, the cut domain alone, surprisingly, binds much stronger (lane 9) in comparison to the intact cut-homeodomain fusion protein (lane 8). Also shown in Fig. 4B ,C, the af®nities of the cut domain for the TTR and HNF-3b probes are decreased (lanes 4) as compared to binding by GST-CHD (lanes 3), particularly for the HNF-3b probe. Thus, the presence of the homeodomain clearly regulates some aspects of the cut domain DNA-binding af®nity and speci®city.
D-onecut is a neural-speci®c nuclear protein
To gain insight into the developmental role of D-onecut, we examined its expression pattern to determine where it might function. For this purpose, mouse polyclonal antibodies are raised against two non-overlapping peptide regions at the N-terminus of D-Onecut. The earliest expression of D-Onecut protein is detected during early embryogenesis within the central nervous system (CNS) at the time correlated with neuroblast formation (stage 8-9 embryos) (data not shown). In late stage 15 embryos, D-Onecut is expressed in both the CNS (Fig. 5A ) and the peripheral nervous system (PNS) (Fig. 5B) . During larval development, D-onecut is expressed in photoreceptor (R) cells of the third instar imaginal eye disc (Fig. 5C ). An antibody to a neural-speci®c protein Elav is used to con®rm this expression pattern (Fig.  5D ). Double-antibody staining with anti-Elav shows that the onset of D-Onecut expression follows that of Elav (Fig. 5E ). This suggests that the R cell precursors have already been committed to a neural developmental pathway before DOnecut is expressed, which would imply a role of D-Onecut in subsequent stages of neural cell differentiation and that it does not function in the determination of the R cell fate. During pupal development, the expression of D-Onecut is also restricted to neuronal cells. This includes the 8 R cells of the ommatidial clusters (Fig. 5F ) and a single cell that is most likely the neuronal cell of the nerve bristle group (Fig.  5G ), which is shared by three surrounding ommatidial clusters. In the adult head, D-Onecut is expressed in all differentiated photoreceptors as well as in the nuclei of neurons in the lamina, medulla, and many cells of the lobula complex (Fig. 5H) .
Interestingly, studies on the Drosophila Eph receptor tyrosine kinase (dek) gene, which lies upstream of D-onecut, reveal a neural-speci®c enhancer within a 520 bp EcoRIHindIII fragment located 300 bp from the start site of Donecut and 2.2 kb from the dek start site (Fig. 1B) (Scully et al., 1999) . This enhancer may indeed be responsible for both D-onecut and dek expression in the nervous system. Similar to prokaryotes, multi-gene regulation by a common regulatory unit does exist in eukaryotes, particularly for genes that are functionally related (Kruglyak and Tang, 2000; Zhang and Smith, 1998) . In this case, D-onecut and dek may function in some aspects of neuronal development. Consistent with this idea, genetic analysis of the mammalian Eph receptors points to a role in axon path®nding, while dek is expressed in growth cones and axons of embryonic interneurons, and in larval R cells (Scully et al., 1999) .
D-onecut expression is not regulated by glass
Glass is a zinc-®nger transcription factor that is required for the differentiation of all photoreceptor cells (Moses et al., 1989; Moses and Rubin, 1991) . It is expressed in all cells behind the morphogenetic furrow; however, glass-dependent gene transcription is restricted to only the R cells. Since D-onecut probably participates in late differentiation events and is expressed exclusively in all R cells, we wanted to address if its expression in the developing eye is dependent on glass. Immunostaining of third instar larval eyediscs from a glass mutant, gl
60J
, with D-Onecut antibodies reveals that D-onecut expression is not affected (data not shown). It is interesting to note that the expression of several other photoreceptor-speci®c genes that are required for proper differentiation of R cells, for example, Orthodenticle (Otd) (Vandendries et al., 1996) , a homeodomain protein, and Calphotin (Ballinger et al., 1993) , a calcium-channel protein, are also independent of Glass. This observation suggests that glass may regulate only some aspects of neuronal differentiation in the eye (Treisman and Rubin, 1996) . Indeed, in null glass mutants, the expression of some neural-speci®c antigens such as those recognized by monoclonal antibody 22C10 and anti-HRP antibody is not affected (Moses et al., 1989) . Thus, D-onecut is not downstream of glass, but may act in a parallel regulatory pathway in the control of photoreceptor cell differentiation.
Ectopic expression of D-onecut in early eye development appears insuf®cient to specify photoreceptor cell fate
Although D-Onecut is expressed in the nervous system throughout development, we have used the developing eye as a sensitive assay for examining D-onecut function. We generated two independent UAS-D-onecut transgenic lines that allow overexpression of full-length D-onecut protein using the Gal4/UAS binary expression system (Brand and Perrimon, 1993) . The GMR-Gal4 driver (Hay et al., 1994 ) is used to induce D-Onecut expression in all cells behind the morphogenetic furrow, and the sev-Gal4 driver is used for expression in a subset of cells which include the R-cell and the cone cell precursors. If the expression of D-Onecut were suf®cient to specify the photoreceptor cell fate, we would expect the formation of extra R cells in GMR-Gal4/UAS-Donecut¯ies or the neural transformation of the cone cells in the sev-Gal4/UAS-D-onecut¯ies. However, eye development is normal in both lines examined (data not shown). This is consistent with the idea that D-onecut is not involved in establishing R cell identity, but is required for some aspects of neural differentiation that occur subsequent to the speci®cation of the R cell fate.
D-Onecut can potentiate transcription of a reporter gene in tissue culture
The presence of two DNA-binding motifs in the DOnecut protein and its nuclear localization provide strong evidence that D-Onecut transcriptionally regulates gene expression. Since the mammalian Onecut proteins, HNF-6 and OC-2, have been shown to be transcriptional activators (Jacquemin et al., 1999; Lannoy et al., 1998; Lemaigre et al., 1996; Rausa et al., 1997) , we wanted to determine the transcriptional property of D-Onecut in the Drosophila Schneider S2 cell line by transient transfection assays. We constructed a D-onecut expression vector under the control of the copia LTR (pDOC-Copia), which provides constitutive expression, and a luciferase reporter construct driven by a Drosophila minimal hs43 promoter (pLuc-hs43) with or without six tandem copies of the Rh1PE enhancer element (pLuc-6XRh1PE). During the course of the experiment, we found that the S2 cell line appears to express a low level of endogenous D-Onecut since transfection of the pLuc6XRh1PE reporter vector alone gives about a 3-fold induction of luciferase activity over the empty pLuc-hs43 vector (Fig. 6) . Cotransfection of the D-onecut expression vector pDOC-Copia with either pLuc-hs43 or the pLuc-6XRh1PE reporter vector gives an approximately 2.5-fold or 5-fold induction, respectively, of reporter gene activity over the basal level (Fig. 6 ). This level of induction is comparable to those reported for HNF-6, which can induce a 3±4-fold level of reporter gene activity under the control of the PFK-2 L promoter in hepatoma FTO-2B cells (Lemaigre et al., 1996) . It is interesting to note that the pDOC-Copia vector carrying the minimal hs43 promoter also generates some induction of luciferase activity. A closer inspection of the hs43 promoter reveals sequences containing the ATTG motif that may favor low af®nity binding to D-Onecut. Nevertheless, under our transfection assay condition DOnecut appears to function as a moderate transcriptional activator.
Expression of an Engrailed-D-Onecut fusion protein in the eye interferes with R cell differentiation
Without a loss-of-function mutation in D-onecut it is dif®cult to investigate its role in neural development. In an attempt to address this issue, we turned to a dominant negative approach by fusing the DNA-binding domain of DOnecut to the repressor domain of Engrailed, given that DOnecut acts as a transcriptional activator, and expressing the fusion protein under the control of the UAS promoter (UASEnCH). This approach has been used successfully to reveal the possible functions of transcriptional activators during development (e.g. Furukawa et al., 1997) . Such fusion protein is expected to compete with endogenous wild type protein for target genes and to interfere with gene expression by active repression (Tolkunova et al., 1998) . When expressed in all cells behind the morphogenetic furrow during eye development as driven by GMR-Gal4, the EnCH fusion protein causes a dramatic reduction of the adult eye giving it a rough, glossy, and¯attened appearance (compare Fig. 7A with B) . A histological section of the mutant eye reveals an apparent lack of R cells and a remnant of support cells such as pigment cells and cone cells (compare Fig. 7C with D) . However, cryosections stained for the neuronal marker, Elav, suggest that photoreceptor nuclei are still present (Fig. 7F) , but that the retina does not fully extend as in wild type eyes (Fig. 7E) . Morphologically, the optic lobes are reduced in size (compare Fig. 7E with F) . To determine when the initial developmental defect occurs, we stained GMR-Gal4/1;UAS-EnCH/1 third instar larval eye discs with an antibody to Elav, an early neuronal cell marker, and with an antibody to Cut, a marker for nonneuronal cone cells. The result shows that the EnCH protein does not affect early cell fate speci®cation events, as pattern formation occurs normally for both R cells (Fig. 7K ) and cone cells (Fig. 7L ). Abnormal R cell differentiation must have occurred during later stages of eye development. This observation is remarkably reminiscent of the loss-of-function glass mutants, in which early cell fate determination proceeds normally, but a defect in R cell differentiation leads to the subsequent degeneration of the retina (Moses et al., 1989) .
To gain insight on how the EnCH fusion protein may affect R cell differentiation, we examined candidate genes that are known to be required for proper R cell differentiation. Unlike glass mutants, the EnCH fusion protein does not affect the expression of Chaoptin (data not shown), an R cell-speci®c protein that is under glass regulation (Moses et al., 1989) . The expression of the homeodomain gene, orthodenticle (otd), also is not affected (data not shown) as determined by the expression of a lacZ-reporter gene under the control of an eye-speci®c otd enhancer (Vandendries et al., 1996) . Surprisingly, a Rh1-promoter lacZ transgene does not respond to overexpression of the EnCH fusion protein as well (compare Fig. 7G with H); neither does a Rh1PE-lacZreporter line (data not shown). We also tested the response of a Rh4-lacZ transgene to the EnCH fusion protein. In this case, occasionally only a few cells express the lacZ reporter (compare Fig. 7I with J) . We cannot distinguish whether this is due to an absence of R7 cells or that they are more sensitive to the EnCH fusion protein. Nevertheless, these ®ndings are still consistent with the idea that D-onecut and other regulators such as glass may control different aspects of R cell differentiation by impinging on different target genes that are required during late stages of eye development. Cotransfection with luciferase reporter constructs are carried out either with a basal reporter vector pLuc-hs43 or with a transcriptional reporter vector pLuc-6XRh1PE, which carries six tandem copies of the rh1 proximal enhancer that is speci®cally recognized by D-Onecut. Measurement of ®re-y luciferase activity as a result of transcriptional stimulation is normalized against the Renilla luciferase activity, which is constitutively expressed by the cotransfected internal control plasmid pRL-Copia. Data are shown as fold induction (mean^STD, n 4) of reporter gene activity stimulated by D-Onecut over the basal level expressed by the pLuc-hs43 plasmid.
Discussion
The homeodomain proteins are an extremely successful family of transcription factors capable of exerting effective and potent control over gene expression in many developmental processes. In particular, the cut-homeodomain gene family has been shown to be important regulators in development. Here we report the isolation and characterization of the Drosophila onecut gene. We provide evidence that DOnecut and other Onecut proteins represent a structurally and functionally conserved gene family. They function similarly in DNA-binding and target selection, as well as in transcriptional regulation. Unlike mammalian Onecut, however, D-Onecut is expressed only in the nervous system, where it may function as a neural-speci®c transcription factor to regulate certain aspects of neural differentiation and possibly to play a role in the maintenance of the neuronal cell phenotype and function.
DNA-binding properties of D-Onecut
The bipartite DNA-binding domains of D-Onecut and of other cut-homeo domain members illustrate a successful strategy for implementing additional DNA-binding domains that function independently or cooperatively with the homeodomain to achieve a greater level of speci®city or to enhance DNA-binding af®nity. This strategy is also utilized among other major subfamilies of homeodomain proteins that contain, for example, the POU-speci®c domain in the Pit-1, Oct-1, Oct-2, and Unc-86 genes (Rosenfeld, 1991) 1996; Gruss and Walther, 1992) . The cut domain of DOnecut alone can clearly mediate high af®nity DNA-binding in a sequence-speci®c manner. The homeodomain, however, is incapable of DNA-binding by itself. This is also true for the HNF-6 homeodomain as shown by mutant proteins that have either a deleted or mutated homeodomain but are still capable of binding . Likewise, among the Cut proteins, the homeodomain of mammalian CDP/Cux displays very low DNA-binding af®nity and generally binds in a non-speci®c manner (Harada et al., 1994 (Harada et al., , 1996 Valarche et al., 1993) .
The lack of binding by the homeodomain due to the absence of the ATTA motif can be ruled out since the TTR probe, which contains a single ATTA sequence, is unable to bind to the isolated homeodomain. Similar to DOnecut, the ATTA sequence is not required for HNF-6 binding . Indeed not all homeodomains bind to sequences containing an ATTA core (Hayashi and Scott, 1990) . Furthermore, sequences outside of the homeodomain, which in some cases have been shown to affect DNA binding , might not have been included in the GST-HD fusion protein. Nonetheless, under our EMSA conditions, which included an excess of non-speci®c sequences like poly [dI-dC] , the homeodomain of D-Onecut has no or relatively very low DNA-binding af®nity. This may re¯ect sequence differences in the third DNA-recognition helix of the homeodomain. For example, the Onecut members have the de®ning F48 and M50 residues that are atypical divergences from the classical homeodomain.
However, the apparent inability to bind does not rule out a role of the homeodomain in D-Onecut DNA-binding. In the case of the PFK-2 probe, it is evident that the cut domain alone is not suf®cient for binding, but depends on the presence of the homeodomain for the DNA-binding activity. Changes in DNA-binding af®nity are also in¯uenced by the homeodomain; for example, binding to a mutant Rh1PE probe is much weaker for the cut-homeodomain fusion protein than for the GST-CD protein. These observations indicate a signi®cant role of cooperative interactions between the cut domain and the homeodomain in determining D-Onecut DNA-binding activity. Similar ®ndings have been reported by Harada et al. (1994) , in which the cut repeat 3 (CR3) DNA-binding af®nity is greatly increased when the Cut homeodomain is on the same molecule, whereas the inclusion of other cut repeats does not have the same effect. Cooperative interactions have also been demonstrated to occur among the cut domains and the homeodomain of CDP (Au®ero et al., 1994; Catt et al., 1999) . A similar case is seen for the POU-class homeodomain proteins. The POU homeodomain alone is insuf®cient for high af®nity DNA-binding, but requires the POU-speci®c domain for effective interaction with target sites (Ingraham et al., 1990; Sturm and Herr, 1988; Verrijzer et al., 1992) . Analogously, the Paired domain and the Pairedhomeodomain can function as independent DNA-binding domains, where the latter can operate through dimerization. However, the Paired domain and the homeodomain can also cooperate together to specify DNA-binding activity (Jun and Desplan, 1996; Ingraham et al., 1990; Rosenfeld, 1991; Verrijzer et al., 1992) . Thus, cooperative interaction between bipartite DNA-binding domains appears to be an important mechanism for achieving higher DNA-binding af®nity and sequence speci®city, and is not exclusive of the cut-homeo domain proteins.
The indirect role of the homeodomain in D-Onecut binding also points to an important implication where it may participate in protein-protein interaction with other transcription factors in effecting target speci®city and transcriptional activity. One line of evidence to support this is the observation that mutations in the F48M50 dyad of HNF-6 do not abolish binding, but affect transcriptional activity in a target-dependent manner . For target sites that do not utilize the homeodomain for binding, the homeodomain may be involved in promoting transcriptional activation either directly or indirectly by recruiting other factors. In the case of D-Onecut, its weak transactivation activity may suggest a potential interaction with additional activators in order to promote high levels of transcriptional activation. In light of the fact that the ATTG core motif required for D-Onecut binding juxtaposes the Glass binding site in the Rh1PE and also the canonical TAAT motif in the RCS1 element, it is tempting to speculate that D-Onecut may interact with Glass or Pax-6/Eyeless. The latter is particularly noteworthy since it has been demonstrated to bind to the RCS1 to activate Rh1 expression (Sheng et al., 1997) ; and being a Paired-type homeodomain, it is able to dimerize on palindromic TAAT or`P3' sites similar to the RCS1 (Wilson et al., 1993) .
Sequence requirements for D-Onecut binding
An alignment of the oligonucleotide sequences used in our EMSA analysis reveals an ATTG core motif that is common to all probes that bind to D-Onecut. This motif is included in a consensus sequence, WTATTGATTW (where W is A/T), previously de®ned for HNF-6 binding Lemaigre et al., 1996; Samadani and Costa, 1996) . In some cases, there is a strong requirement for this tetranucleotide since binding is completely abolished when this sequence is mutated. However, in another sequence context there appears to be additional sequence requirement besides the ATTG core motif. For example, mutant RH1PE probes with an intact ATTG show a dramatic reduction in binding to GST-CHD, but are still highly effective in binding to the cut domain alone. Only when both the¯anking sequences and the ATTG core are changed that DNA-binding is abolished. This suggests that in addition to the ATTG core, the¯anking sequences in Rh1PE also contribute signi®cantly to the DNA-binding activity of D-Onecut. Indeed, a mutation in a¯anking nucleotide of the ATTG motif has been identi®ed in the HNF-6 binding site within the Type I protein C promoter that reduces HNF-6 binding and abolishes transactivation of a reporter gene in tissue culture (Spek et al., 1998) . Likewise, the cut repeats of the Cut proteins could also bind to other sequences besides the major CCAAT binding site (Andres et al., 1994; Au®ero et al., 1994; Skalnik et al., 1991) .
Our observation on the binding characteristics of the mutant Rh1PE probes, however, may suggest an interesting possibility that D-Onecut binding may require an initial docking event after which the cut domain would scan for the ATTG motif. The homeodomain may play a role in regulating these processes and stabilizing the interaction. In this view, mutations in the¯anking sequences but not in the ATTG could affect the initial docking of D-Onecut which could abolish binding as seen for the Rh1PE-m2 andm3 probes (Fig. 4A, lanes 13 and 18) . Mutations in the ATTG motif but not in the¯anking sequences would still allow for docking that is compatible with in an apparent reduction in DNA-binding af®nity as seen for the Rh1PE-m1 probe (Fig. 4A, lane 8) . The homeodomain appears to provide a signi®cant contribution to speci®c binding site selection, since the cut domain alone has greater af®nity for the Rh1PE-m1 probe than the GST-CHD fusion protein (Fig. 4A, lane 8 versus 9 ). Finally, it is noteworthy to point out an analogous case where the ATTG core sequence is not suf®cient for binding by the cut repeat II of mClox (Andres et al., 1994) . In this previous study, oligonucleotide selection assay reveals that the cut binding sites contain a¯ank-ing ATTA core on either side of the ATTG motif at various positions. Interestingly, oligonucleotides with a mutated ATTA core but with an intact ATTG site are unable to bind to the cut domain. This observation supports the likely notion that the initial binding of the cut domain to the ATTA is necessary for the recognition of the ATTG core sequence.
Role of D-Onecut in neural differentiation
With a distinct nuclear expression in neuronal cells throughout development and in the adult, D-Onecut is likely to play a role in regulating neural differentiation or maintenance by controlling neural-speci®c gene expression. In the eye, one candidate target gene is rhodopsin as suggested by speci®c DNA-binding in vitro to two cis-acting elements, RCSI and Rh1PE. Interestingly, the RCSI element is conserved not only in the opsin genes of many different species but also in the promoters of many R cell-speci®c genes, and is required for their expression in photoreceptors (Kikuchi et al., 1993; Sheng et al., 1997; Yu et al., 1996) . Therefore, D-onecut might regulate other R cell-speci®c genes containing RCSI-like binding sites in addition to rhodopsin for proper R cell differentiation.
We attempted to address the in vivo function of D-Onecut by overexpressing the protein during eye development. Similar to Glass (Ellis et al., 1993) , ubiquitous expression or expression of D-Onecut in the non-neuronal cells such as cone cell precursors has no apparent effect on eye development. Intriguingly, genes such as Chaoptin, which are directly regulated by Glass and are normally restricted to the R cells, do not respond to ectopic Glass expression in non-photoreceptors (Ellis et al., 1993) . Thus, Glass is necessary for the differentiation of the R cells but not suf®cient to drive neural differentiation in the non-photoreceptor cells. This may indeed be the case for ectopically expressed DOnecut. Two possibilities may explain these observations. One is that the R cells have developed along a different developmental history as compared to the non-photoreceptor cells, thus, endowing them with other factors necessary for the initiation and maintenance of neural differentiation in response to regulatory molecules such as D-Onecut and Glass. Secondly, although Glass is expressed in all cells behind the morphogenetic furrow in the eye disc, Glassdependent transcription is only restricted to the R cells. This suggests the existence of some inhibitory function in the non-photoreceptors. Interestingly, this restriction has been shown to be suf®ciently directed by the conserved ATTG in the Rh1PE. When the ATTG is mutated, Glass activity is no longer R cell-speci®c but is found in all cells (Ellis et al., 1993; Moses and Rubin, 1991) . Ellis et al. (1993) have suggested a putative inhibitor that could bind to this ATTG to block Glass activity in the non-photoreceptors. If this inhibitor is ubiquitously expressed, an R cellspeci®c positive factor must exist to prevent this inhibition of Glass-mediated transcriptional activation. Given its ability to bind to the Rh1PE and expression in the photoreceptors, D-Onecut is a likely candidate for this R-cell speci®c positive factor.
Since D-Onecut acts as a transcriptional activator, we generated a fusion protein in which the Engrailed repressor domain is linked to the DNA-binding domain of D-Onecut. Such chimeric protein could potentially act in a dominant negative fashion by actively repressing target genes of the respective DNA-binding domain. A dramatic reduction of the adult eye is obtained when the EnCH fusion protein is expressed in all cells behind the morphogenetic furrow as driven by GMR-Gal4. The mutant phenotype is highly speci®c since only R cells appear to be affected and not accessory cells such as pigment cells and cone cells even though the EnCH protein is also expressed in these cells. In addition, this effect occurs only during late differentiation of R cells, and not during early cell fate determination. Thus, the EnCH fusion protein appears to function as a putative dominant negative. The nature of this dominant phenotype could not re¯ect a simple gain of wild type D-Onecut function because overexpression of full-length D-Onecut does not cause such mutant effect. However, the EnCH phenotype appears to be insensitive to changes in D-Onecut level, as overexpression of the full-length protein does not result in suppression. This may in fact be due to the relative differences in transcriptional activity between the moderate activating nature of D-Onecut and the highly potent repressor domain of Engrailed (Tolkunova et al., 1998) . Surprisingly, the GMR-Gal4-driven EnCH fusion protein does not affect the expression of a Rh1PE-lacZ or Rh1-lacZ transgene in third instar eye discs and in the adult eye. Despite our in vitro DNA-binding data, these results suggest either the Rh1PE and Rh1 promoter are not in vivo targets of DOnecut or Glass-mediated transactivation is so potent that the EnCH fusion protein has little effect in this particular context. Ultimately, genetic analysis using loss-of-function D-onecutmutations will need to be carried out to clarify if D-onecut is indeed a regulator of Rh1 and other rhodopsin genes.
In addition to D-Onecut, several other transcription factors have been shown to be required for R-speci®c gene expression. For example, the otd gene appears to be required for late differentiation of R cells. The loss of otd function causes a reduction in rh gene expression and abnormal morphogenesis of photoreceptor rhabdomeres (Vandendries et al., 1996) . In addition to its role in initiating eye development, the Pax-6/eyeless gene has been implicated in regulating late differentiation events during Drosophila eye development by directly regulating target genes such as the Rh1 gene (Sheng et al., 1997) . Therefore, D-Onecut, Glass, and additional transcription factors may form a cross-regulatory network that coordinates retina-speci®c gene expression during Drosophila eye development.
Evolutionary considerations
The striking conservation of the cut domain and homeodomain among the Onecut genes suggests that their functions in sequence-speci®c DNA-binding and transcriptional regulation are conserved during the course of evolution. However, the genes or classes of genes they regulate may be entirely different. For example, the mammalian Onecut proteins are expressed in numerous tissues such as endodermal and neural derivatives (Landry et al., 1997; Rausa et al., 1997) . In contrast, D-Onecut has exclusive neuronal expression. Interestingly, similar to D-Onecut, HNF-6 is also expressed in the retina, which ®rst appears at embryonic stage E17 and implicates a potential role in photoreceptor development (Landry et al., 1997) . The observation that DOnecut and the mammalian Onecut proteins share common expression in neuronal tissues may point to an ancestral site of action of the Onecut proteins.
In C. elegansthere are ®ve Onecut members (Fig. 2D ,E) without any known functions in vivo . Interestingly, Ceh-21 and Ceh-39 are capable of binding to HNF-6 binding sites , which suggests that the C. elegans genes may function similarly to DOnecut and the mammalian Onecut proteins. The Ceh-38 gene has been recently reported to be expressed in multiple tissues throughout development like the mammalian genes, with particular expression in endodermal derivatives and in many types of neurons (Cassata et al., 1998) . The C17H12 gene perhaps represents the most ancestral member within this lineage since it is more like D-Onecut as indicated by sequence homology (Fig. 2D,E) and by the possession of a STP box (Fig. 2B) . Finally, since all but C17H12 show much greater divergence among the Onecut proteins, it will be interesting to see whether these genes will have overlapping expression patterns, like the HNF-6 and OC-2, or have restricted expression pattern like D-onecut.
Experimental procedures
Cloning of D-onecut cDNA
Previously, an adult retina cDNA, A1, with a 2.6 kb insert was obtained in a screen for potential transcriptional regulators of Drosophila rhodopsin genes (Fortini et al., 1991;  data not shown). The A1 cDNA is used to screen for additional clones from an embryonic cDNA library. A 4.8 kb full-length embryonic cDNA clone is sequenced on both strands either by automated dideoxy cycle sequencing (Nucleic Acid Facility, Biotechnology Institute at the Pennsylvania State University) or by manual dideoxy chain termination using T7 Sequenase (Amersham).
The full-length D-onecut cDNA is used to isolate overlapping genomic clones from a l FIX genomic DNA library. The positions of intron and exon borders are determined by the comparison of cDNA and genomic sequences, and also by the differences in restriction fragment sizes. The entire D-onecut region has also been completely sequenced by the Berkeley Genome Project and is used to con®rm our results (accession number AC014859).
Electrophoretic mobility shift assays
The putative DNA binding domain of D-Onecut (aa 731± 1081), containing both the cut domain (CD) and homeodomain (HD), is fused downstream to Glutathione-S-Transferase (GST) in pGEX-4T (Pharmacia) to make GST-CHD. The GST-fusion protein is overexpressed in BL21 cells and af®nity puri®ed via Glutathione-beads as described (Smith and Johnson, 1988) . GST-CD and GST-HD fusion proteins, containing either the cut domain or the homeodomain alone, respectively, are similarly constructed and puri®ed. Double-stranded oligonucleotide probes are prepared by annealing oligonucleotide pairs and end-labeled with [a-32 P]-dCTP by Klenow ®ll-in. The DNA binding reaction (25 ml) is carried out by incubating 20±30 ng of puri®ed GST-fusion protein or GST alone with 5000 cpm of labeled ds-DNA oligonucleotide probe in 10 mM HEPES (pH 7.6), 1 mM DTT, 1 mM MgCl 2 , 0.5 mM EGTA, 32 mM KCl, 10% (v/v) glycerol, 1 mg poly [dI-dC], 0.3 mg/ml BSA for 1 h at 188C. DNA-protein complexes are resolved on 4% nondenaturing polyacrylamide gels (19:1) containing 0.5£ TBE and 2.5% glycerol. The gels are dried and exposed for autoradiography. Competition experiments are carried out by incubating increasing amounts of the corresponding unlabeled ds-oligonucleotides in the DNA-binding reaction. In some cases, to con®rm DNA-binding speci®city, mutant probes are used to show either the lack of formation of DNA-protein complexes or the inability to compete for DNA-binding with the corresponding wild type probes. Oligonucleotide sequences used in these DNA-binding assays are listed in Figs. 3 and 4. 
Antibody production and immunohistochemistry
Two non-overlapping N-terminal peptides of D-Onecut (residues 185±461 and 462±729) are fused to GST for overexpression in BL21 cells and for subsequent af®nity puri®-cation using Glutathione-beads. The puri®ed fusion proteins are injected into mice for polyclonal antibody production (Hybridoma and Cell Culture Laboratory, Penn State University). Polyclonal sera derived from either peptide, a-AB (aa 185±461) or a-BS (aa 462±729), are tested for speci®city by immunostaining embryos (0±15 h) and con®rmed by comparison to the embryonic expression pattern as determined by in situ hybridization (data not shown). Both a-AB and a-BS give identical staining patterns in the PNS and CNS that re¯ect D-onecut mRNA expression.
Immunostaining of embryos is performed as described (Patel et al., 1989) with some modi®cations using the polyclonal antibodies at a 1:200 dilution. Brie¯y, ®xed embryos are incubated with the primary antibody at 48C overnight followed by several washes in PBSS (1£ PBS, 0.2% saponin). The samples are then blocked with PBSN (1£ PBS, 0.2% saponin, 5% normal goat serum), followed by incubation with biotinylated anti-mouse IgG (Vector Laboratories) diluted at 1:200 in 0.1 M PO 4 buffer (pH 7.2) with 5% NGS for 2 h at RT. Staining and development of the color reaction (DAB with Ni 21 ) are carried out with Vectastain ABC kit (Vector Laboratories).
Immunostaining of third instar larval eye discs is carried out essentially as described (Mlodzik et al., 1990) . Eye discs are dissected in 1X PBS and incubated in PLP (2% paraformaldehyde, 0.01 M NaIO 4 , 0.075 M lysine, 0.037 M NaPO 4 pH 7.2) for 45 min on ice. In some cases, the peripodial membrane is removed during this incubation to aid antibody accessibility. Discs are washed for 15 min in 0.1 M NaPO 4 pH 7.2 with 0.1% saponin on ice, and then incubated in a 1:200 dilution of either a-AB or a-BS in PBSN at 48C overnight. Three 5 min washes in PBSN are carried out before incubation with biotinylated anti-mouse IgG diluted at 1:200 in 0.1 M PO 4 buffer with 5% NGS for 2 h on ice. Vectastain ABC kit is used to visualize the staining as described above. Double staining of D-Onecut mouse antibodies and rat anti-Elav are performed similarly, except both primary antibodies are co-incubated. In this case, Texas Red-conjugated anti-rat or FITC-conjugated antimouse secondary antibodies (Vector Laboratories) are used correspondingly. Doubly stained eye discs are examined by confocal microscopy (Zeiss Laser Scan Microscope-410 Inverted).
Tissue culture and cell transfection
Drosophila Schneider S2 cells are grown in insect medium (Gibco-BRL) supplemented with 10% fetal bovine serum (FBS) at 258C. Approximately 1 £ 10 5 cells/well in a 24-well plate are transfected by lipofection using Tfx-20 (at a charge ratio 3:1) (Promega) with 2.0 mg D-Onecut expression plasmid pDOC-Copia, 3.8 mg ®re¯y Luciferase reporter construct under the control of either the basal hs43 promoter alone (pLuc-hs43) or with six copies of the Rh1 proximal enhancer (pLuc-6XRh1PE), and 250 ng of pRLCopia as an internal control. The pDOC-Copia plasmid is constructed by replacing the b-galactosidase cassette in the Copia-b-gal vector (provided by James Manley) with the full-length D-Onecut cDNA. Likewise, the pRL-Copia plasmid is derived by excising the Renilla luciferase cassette from pRL-CMV (Promega) and inserting it into the Copia vector. The basal hs43 promoter from pCaSpeR hs43-b-gal is inserted into the empty ®re¯y Luciferase reporter vector, pGL3 (Promega), to make pLuc-hs43. The reporter plasmid pLuc-6XRh1PE is derived by inserting six tandem copies of the Rh1 proximal enhancer in front of the minimal hs43 promoter in pLuc-hs43. After an overnight transfection, complete insect medium supplemented with 10% FBS is added and the cells are incubated for an additional 48 h before harvesting. The cells are collected, rinsed once with 1£ PBS, and centrifuged. The cell pellet is resuspended with 200 ml of lysis buffer provided in Promega's Dual Luciferase Reporter Assay system. Five microliters of the lysate is assayed for ®re¯y and Renilla Luciferase activity using reagents provided in the kit. Measurements for both are carried out sequentially in the same tube and taken with a Berthold luminometer (LB9501-16). Fire¯y luciferase activities are normalized against the Renilla luciferase internal control.
D-onecut overexpression constructs and transgenic lines
The full-length D-onecut cDNA is cloned into pUAST vector for P element-mediated germ line transformation in Drosophila embryos. Two independent transgenic lines were obtained. Expression of the transgenes is accomplished by crossing the transgenic¯ies to those carrying a GMR-Gal4 insertion, which drives expression in third instar eye discs in all cells behind the morphogenetic furrow.
A putative dominant negative construct is made by fusing the C-terminus of D-Onecut (aa 730±1081), which includes the DNA-binding domain encompassing the cut domain and homeodomain, downstream of the Engrailed repressor domain (aa 1±298) (Tolkunova et al., 1998) . This fusion cassette is tagged at the N-terminus with three copies of the hemaglutinin (HA) epitope and subsequently cloned into the pUAST vector for transformation into¯ies. Five independent lines were obtained that give similar dominant phenotypes when driven by the GMR-Gal4 driver.
